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The preparation of CoZr nanostructure films to replicate the order of anodized aluminum oxide template with
barrier layer was described. Coercivity and in-plane magnetic anisotropy were increased with the increase of
oblique sputtering angle. Resonance frequency and damping factor had the same tendency also. Note that larger
damping factor in nanostructure films was observed compared with that of continuous films in Si substrate, which
was induced by magnetic anisotropy distribution particularly with a significant out-of-plane contribution due to the
competition of shape anisotropy.
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It was known that working frequency is moving to the
gigahertz band region for applications such as magnetic
recording heads, wireless inductor cores, and microwave
noise filters [1]. It requires the development of a soft
magnetic film with high resonance frequency and high
permeability [2,3]. In order to solve the expanded elec-
tromagnetic interference problems, many researchers
begin to focus on the enhancement of microwave ab-
sorption [4]. Magnetic thin film application is based
on the analysis of the dynamic magnetic or magne-
tization process, which is subjected to an effective
magnetic anisotropy field Heff as given by the Landau-















where Ms represents saturation magnetization, Heff is
the anisotropy effective field, γ is the gyromagnetic
factor, and α is the damping constant. From Equations
1 and 2, it can be seen that magnetic anisotropy and* Correspondence: jiangchj@lzu.edu.cn
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in any medium, provided the original work is psaturation magnetization are the two key material pa-
rameters which determine the magnetic properties of
the magnetic film. The resonance frequency can be
regulated through magnetic anisotropy. Generally, mag-
netic anisotropy is affected by many factors, such as
demagnetization energy from the sample’s shape or
microstructure [7], magneto-crystalline energy from the
material’s crystal symmetry [8], magneto-elastic interac-
tions from the stress state of the sample [9], single-ion an-
isotropy or pair order from chemical short-range order
effect [10], exchange anisotropy from the ferromagnetic-
antiferromagnetic coupling [11], etc. For thin films, in-
plane uniaxial anisotropy determines microwave mag-
netic properties. Usually, uniaxial magnetic anisotropy is
induced by many methods, for example, controlling the
sputtering angle [12,13], changing the target-substrate
distance [14], controlling the stress [9,15], using nanowire
arrays [16], etc.
Ordered magnetic nanostructures, composed of arrays
of different kinds of magnetic elements arranged in a
periodic fashion, have attracted increasing attention in
recent years [17,18]. Shape anisotropy was introduced
with spatial dependence on a very small length scale
when a periodic nanostructure is defined in a continu-
ous magnetic thin film. The rapid advance in the fabrica-
tion of nanostructures, with controlled submicron size
and shape offered by modern lithography techniques
like ion or electron beam lithography, has triggeredn Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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stripe, or antidots) with a variety of shapes [19-21]. An-
odized aluminum oxide (AAO) template with a high
areal density [22,23] (up to 1,011 pores/cm2) and narrow
size distribution over a large area has received much at-
tention because of its simple and inexpensive control of
structural parameters and excellent thermal and mech-
anical stability.
Various routes have been proposed to replicate the or-
dering of AAO where the final replicated nanostructures
consist of highly ordered glassy antidots, nanowire, etc.
In these nanostructured materials, large coercivity is in-
duced due to strong shape anisotropy, which have
attracted a great deal of interest owing to their potential
applications as optoelectronics, data storage materials,
surface modifiers with specific wetting behavior, etc.
[24]. However, in order to apply magneto-electronic de-
vices in the gigahertz region, a soft magnetic film with
low coercivity and in-plane uniaxial anisotropy is devel-
oped. Therefore, in the present work, we use an AAO
nanostructure with barrier layer as a substrate. CoZrFigure 1 The nanostructured thin film. (a) Schematic illustration of the s
AFM image of the barrier layer surface of the AAO template. SEM images onanohill structured magnetic film (approximately 25
nm) has been sputtered onto a barrier layer of AAO by
oblique sputtering. Oblique sputtering would induce
in-plane uniaxial anisotropy [25] and increase shape
anisotropy. We investigated static and dynamic magnetic
properties of CoZr nanostructured films with various
oblique sputtering angles and obtained adjustable reson-
ance frequency and linewidth.Methods
The annealed aluminum foil (99.95%) was used to
prepare the single anodic alumina template (AAO).
Two-step oxidation was used to obtain the anodic
alumina template. At the first step, Al was anodized
in 0.3 M oxalic acid at 40 V for 1 h. Then the alu-
mina from the first step was etched away by an alu-
mina etchant (chromic acid and phosphoric acid) at
60°C for 30 min. At the second step, the oxidation
was similar to the first step, but the oxidation time
was 8 h.puttering arrangement. (b) Schematic of the layer structure. (c and d)
f the (e) 0° and (f) 60°samples.
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frequency sputtering onto the single anodic alumina
template with a background pressure lower than 6.0 × 10
−5 Pa, and a 0.2-MPa pressure of argon was used in the
sputtering. A Co target, 70 mm in diameter and 3 mm
in thickness, on which eight Zr chips were placed in a
regular manner, was used as Figure 1a shows. The
sputtering angle of the film was from 0° to 60°, every
20°. Growth rate at different oblique angles was differ-
ent; we kept all samples 50-nm thick with adjusting of
the sputtering time. Figure 1b shows the schematic of
the layered structure. The surface morphology of the ar-
rays was investigated with an atomic force microscope
(AFM; MFP-3D(TM), Asylum Research, Goleta, CA,
USA) and scanning electron microscope (SEM; Hitachi
S-4800, Tokyo, Japan). The static magnetic properties of
the samples were measured using a vibrating sample
magnetometer (VSM). Out-plane ferromagnetic reson-
ance (FMR) measurements were performed with a JEOL
JES-FA 300 spectrometer (JEOL, Tokyo, Japan; X-band
at 8.969 GHz). The microwave permeability measure-Figure 2 M/Ms loops along both easy axes and hard axes. (a) 0°, (b) 20ments of the films were performed using a vector net-
work analyzer (PNA E8363B) with a microstrip method.
Results and discussion
Figure 1c,d shows the AFM surface morphology of the
barrier layer in the anodic alumina oxide template. From
the figure, the barrier layer surface presented smooth
mountains with heights of around 10 nm. In the template
production process, the process parameters of template
projection were oxidation voltage and electrolyte concen-
tration. With the increase of oxidation voltage, the
diameter of the projection increases; when electrolyte con-
centration increases, the current density increases, and
there is increase in the diameter of the projection. The
reason for the projections formed could be explained by
the electric field under the support of the template oxida-
tion process dissolution model [26]. The charge was the
most concentrated at the bottom of the holes, and dis-
solution rate was the fastest. Figure 1e,f shows the SEM
micrographs of the 0° and 60° samples. As shown from
the figure, the sample of the oblique 0° kept the nanohill°, (c) 40°, and (d) 60° samples.
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oxide template with barrier layer; however, this nanostruc-
ture disappeared with oblique sputtering, as shown
Figure 1f.
Figure 2 shows the magnetic hysteresis loops of the
as-deposited CoZr thin films with oblique sputtering
angle from 0° to 60° measured at room temperature,
where the magnetic field was applied on the film plane.
Note that for the sample with oblique sputtering angle
of 0°, the results of the static magnetic measurements
revealed that the as-deposited CoZr structured film
possesses in-plane uniaxial anisotropy weakly. This was
induced by uniaxial stress induced due to gradient
sputtering [27]. Hysteresis loops of the easy magne-
tization direction were substantially a rectangle, while
remanence ratio (Mr/Ms) was close to 1. Moreover, the
difference between easy and hard axis loops increased
with the increase of oblique sputtering angle, which indi-
cated change of magnetic anisotropy.
The overall dependences of anisotropy field Hk and
coercivity of easy axis direction with various oblique
sputtering angles were summarized in Figure 3. Here,
Hk could be estimated by checking the cross point of
the central line of the hard axis loop with the counter
extension of the magnetization saturation line [28].
With increasing oblique sputtering angle, the coercivity
in the easy axis (Hce) increased slightly from 10 to 27
Oe. In addition, the coercivity of nanostructure films
was larger than that of continuous films [18,29], which
was attributed to the change in the interaction of
shape anisotropy and inhomogeneous magnetization
rotation caused by the nanohill pattern of the mag-
netic films. As the angle increased, Hk increased
monotonically, which was attributed to anisotropy in-
duced by gradient sputtering and oblique sputtering.
With increasing oblique sputtering angle, anisotropyFigure 3 The static anisotropy effective field and the coercivity
versus the oblique sputtering angle.induced by oblique sputtering was increased and
played a dominant role gradually. Therefore, Hk in-
creased with increasing oblique sputtering angle.
Figure 4 shows the dependence of complex permeabi-
lity μ = μ’ − j μ” on frequency for the films with diffe-
rent oblique sputtering angles measured by microstrip
method using a vector network analyzer (PNA E8363B).
The μ’ and μ” represent the real and imaginary part of
complex permeability. Due to weak magnetic anisotropy
in the sample with an oblique sputtering angle of 0°, the
curve of complex permeability depending on frequency
was almost unchanged. Hence, the data was not in-
cluded here. From Figure 4b, the peak of the imaginary
complex permeability shifted to high frequency with
increasing oblique sputtering angle. Furthermore, the
linewidth of all samples was above 1 GHz, which was
larger compared with that of continuous films at around
0.5 GHz [30]. Generally, the permeability spectra could
be analyzed based on the LLG equation [5]; based on
Equation 1, the permeability spectrum of magnetic
thin film with in-plane uniaxial anisotropy can be
expressed as [31]
μ ¼ 1þ ωm ω0 þ ωm þ iαωð Þ
ω2r−ω2 þ iαΔωr
ð3Þ




0 + ω0ωm, Δωr = α(2ω0
+ ωm), where 4πMs is the saturation magnetization and
takes the measurement value.
The permeability spectrum can be fitted with Equation
3, as shown by the solid lines in Figure 4b. The fitting
parameters are plotted in Figure 4c. The resonance fre-
quency (fr) increased from 2.9 to 4.2 GHz with the in-
crease of oblique sputtering angle, which had the same
tendency with that of Hk. The damping factor also
increased from 0.015 to 0.165, which was larger than
that of continuous films at around 0.01 [30]. Intrinsic
damping and extrinsic sample inhomogeneities were two
dominant contributions to the linewidth. The intrinsic
LLG damping was generally a confluent process such as
magnon-electron scattering. There was also extrinsic
damping via two-magnon processes, such as the result
of scattering from grain and grain boundaries, etc. Both
the intrinsic and extrinsic processes lead to loss in the
system. Besides the above two factors, an additional
source of the linewidth was the sample inhomogeneities
(not a real loss) which typically resulted in the distribu-
tion of material properties, such as the anisotropy, that
would increase the linewidth. In order to understand the
origin of the enhancement of the linewidth and/or
damping factor, FMR was measured as a function of
the angle between external magnetic field and in-plane
easy axis.
Figure 4 Dependence of complex permeability μ = μ’ − j μ” on frequency for the films with different oblique sputtering angles.
Permeability spectra: the experimental results (symbols) and the fitting results by LLG equation (solid lines). (a) μ’; (b) μ”. (c) Resonance frequency
and damping factor versus oblique sputtering angle.
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where γ is the gyromagnetic ratio, 4πMs is the saturation
magnetization of the film, K⊥ is the perpendicular mag-
netic anisotropy constant, θH is the angle between theFigure 5 Resonance field versus the angle between the external field
films deposited at a tilted substrate angle of 0° and 60°, respectively. The tr
of the samples with oblique sputtering angle of 0° and 60°.external field and film normal, and θM is the angle be-
tween magnetization vector and film normal.
The measurement configuration was shown in the
inset of Figure 5. The out-of-plane resonance field versus
field orientation θH for films deposited at an oblique
sputtering angle of 0° and 60° is shown in Figure 5. The
resonance fields decreased monotonically for each film
with increasing angle between the external field H and
the film normal, which was caused by the demagnetiza-
tion energy when the external field H was parallel to film
normal. Moreover, the magnitude of resonance field
decreased with increasing oblique sputtering angle,
which was closely related to the perpendicular anisot-
ropy field 2K⊥/Ms in the first term on the right sideand the easy axis. The circles represent the resonance fields for CoZr
iangles are theoretical lines obtained by Equation 5. The insets are ESR
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tion of magnetization
Hsin θM0−θHð Þ− 4πMs−2K⊥=Msð ÞsinθM0cosθM0 ¼ 0
ð5Þ
Here the saturation magnetization 4πMs was obtained
by static VSM measurement; the perpendicular magnetic
anisotropy constant could be acquired by fitting the ex-
perimental data with Equation 5. The fitted result
showed that K⊥ of 60° was 16.3 × 103 erg/cm3 larger
than the 12.9 × 103 erg/cm3 of 0°, which indicated in-
crease with increasing oblique sputtering angle. Gener-
ally, the K⊥ of continuous film was almost zero due to
strong demagnetization energy. In our case, the decrease
of demagnetization energy was caused by shape anisot-
ropy of nanostructure films, which induced the increase
of K⊥. Therefore, the increase of K⊥ induced inhomoge-
neities of magnetic anisotropy, which resulted in the in-
crease of linewidth and/or damping factor.
Conclusions
The static and dynamic magnetic properties of CoZr/AAO
films with different oblique sputtering angles have been
investigated. All the properties and parameters were
found to be dependent on magnetic anisotropy field
which was induced by the shape of the AAO template
and oblique sputtering. The competition between the
two factors resulted in the trend of dependence on an-
isotropy field Hk and remanence ratio Mr/Ms, with vari-
ous oblique sputtering angles. The resonance frequency
change of CoZr/AAO films was also attributed to the
effect of properties and oblique sputtering. Enhanced
microwave absorption was confirmed by complex per-
meability measurement comparing with continuous film
on a Si substrate.
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